Carnitine palmitoyltransferase II (CPT-II) has a crucial role in the b-oxidation of long-chain fatty acids in mitochondria. We report here the crystal structure of rat CPT-II at 1.9 Å resolution. The overall structure shares strong similarity to those of short-and mediumchain carnitine acyltransferases, although detailed structural differences in the active site region have a significant impact on the substrate selectivity of CPT-II. Three aliphatic chains, possibly from a detergent that is used for the crystallization, were found in the structure. Two of them are located in the carnitine and CoA binding sites, respectively. The third aliphatic chain may mimic the long-chain acyl group in the substrate of CPT-II. The binding site for this aliphatic chain does not exist in the short-and medium-chain carnitine acyltransferases, due to conformational differences among the enzymes. A unique insert in CPT-II is positioned on the surface of the enzyme, with a highly hydrophobic surface. It is likely that this surface patch mediates the association of CPT-II with the inner membrane of the mitochondria.
Carnitine palmitoyltransferases (CPTs) have crucial roles in the b-oxidation of long-chain fatty acids [1] [2] [3] [4] [5] [6] [7] . CPT-I catalyzes the conversion of long-chain acyl-CoA esters to acylcarnitine esters, enabling their transport from the cytosol into the mitochondrial matrix. Once inside the mitochondria, the carnitine esters are converted back to the CoA esters by CPT-II, which can then enter the b-oxidation pathway. Disruptions in the activity of the CPTs are linked to many serious human diseases [3, 4, 6] . CPTs are attractive targets for the development of new therapeutic agents for the treatment of diabetes, obesity, and other human diseases [8] [9] [10] .
The CPTs belong to the family of carnitine acyltransferases, which also includes carnitine acetyltransferase (CrAT, with a preference for short-chain acyl groups) and carnitine octanoyltransferase (CrOT, with a preference for mediumchain acyl groups). The crystal structures of mammalian CrAT and CrOT have been reported by us and others over the past few years [11] [12] [13] [14] [15] [16] [17] . The structures contain two domains, N and C domains, with the same backbone fold, and the active site is located in a tunnel at the interface of the two domains. The carnitine and CoA substrates are bound at opposite sides of the catalytic His residue. CPT-II shares about 35% amino acid sequence identity with these two enzymes (Fig. 1) .
We report here the crystal structure of rat CPT-II at 1.9 Å resolution. While the overall structure of CPT-II is similar to that of CrAT and CrOT, detailed structural differences in the active site region have a significant impact on the substrate selectivity of this enzyme. We observed the binding of three aliphatic chains in the structure, two of which are located in the binding sites for carnitine and CoA, respectively. The third aliphatic chain may mimic the long-chain acyl group in the substrate of CPT-II. A unique insert in CPT-II presents an exposed hydrophobic surface and may mediate the association of this enzyme with the inner mitochondrial membrane. 
Materials and methods
Residues 32-658 of wild-type rat CPT-II were subcloned into the pET24d vector (Novagen) and over-expressed in Escherichia coli at 20°C. The expression construct contains a C-terminal hexa-histidine tag. The soluble protein was purified with nickel-agarose affinity chromatography, anion exchange, and gel filtration chromatography. The protein was concentrated to 26 mg/ml in a solution containing 20 mM Tris (pH 8.5), 200 mM NaCl, flash-frozen in liquid nitrogen in the presence of 5% (v/v) glycerol, and stored at À80°C. The C-terminal His-tag was not removed for crystallization.
Crystals of rat CPT-II free enzyme were obtained at 21°C by the sitting-drop vapor diffusion method. The reservoir solution contained 100 mM Hepes (pH 7.0), 15% Tacsimate, 16% (w/v) PEG 5000MME, and the protein was at 26 mg/ml concentration. Larger crystals were grown from the same condition by microseeding and using 1% (w/v) benzyldimethyldodecyl ammonium bromide (a detergent) as an additive. The crystals were cryoprotected with the introduction of 15% (v/v) ethylene glycol and flash-frozen in liquid nitrogen.
X-ray diffraction data were collected on an Mar imaging plate at the X4C beamline of the national synchrotron light source (NSLS). The native data set to 1.9 Å resolution were collected at 100 K on the free enzyme crystal. The diffraction images were processed and scaled with the HKL package [18] . The crystals belong to space group P1, with cell parameters of a = 73.77 Å , b = 73.80 Å , c = 90.56 Å , a = 70.65°, b = 73.62°, and c = 88.06°. There are two molecules in the crystallographic asymmetric unit.
The initial structure of rat CPT-II was determined by the molecular replacement method, with the program COMO [19, 20] , using the mouse CrAT structure (PDB entry 1NDF) as the search model [11] . The structure refinement was carried out with the program CNS [21] . Manual adjustment of the atomic model against the electron density was performed with the program O [22] . The crystallographic statistics are summarized in Table 1 .
Results and discussion

Overall structure
The crystal structure of rat carnitine palmitoyltransferase II (CPT-II) has been determined at 1.9 Å resolution by the molecular replacement method ( Table 1 ). The 
The numbers in parenthesis are for the highest resolution shell.
current atomic model contains residues 31-655 and 31-656 for the two CPT-II molecules in the crystallographic asymmetric unit, respectively, with an R factor of 18.9%. The majority of the residues (93%) are in the most favored region of the Ramachandran plot (data not shown).
The two molecules of CPT-II have the same conformation, with a rms distance of 0.19 Å for all their Ca atoms. They do not have strong contacts with each other, suggesting that the molecules are essentially monomeric in the crystal. Gel filtration and light scattering studies show that purified CPT-II is an oligomer (hexamer or octamer) in solution (unpublished data). It is likely that the use of a detergent (benzyldimethyldodecyl ammonium bromide, BAM) as an additive in the crystallization solution may have disrupted the oligomer, since the CPT-II monomers contain an exposed hydrophobic patch (see below). This detergent is crucial for obtaining crystals of sufficient size and quality for structural studies.
The overall structure of CPT-II is similar to that of CrAT and CrOT that we reported earlier (Figs. 2A-C) [11] [12] [13] . The rms distance between equivalent Ca atoms of CPT-II and these other two structures is about 1.2 Å . The secondary structure elements in CPT-II are named using the same system as that in the other two structures (Fig. 1) . The structure-based sequence alignment shows that most of the secondary structure elements have highly The structure of mouse CrAT, viewed in the same orientation [11] . Carnitine is shown in green, and CoA in brown for carbon atoms. (C) The structure of mouse CrOT [12] . Octanoylcarnitine is shown in green. Produced with Ribbons [24] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) homologous structures among the three enzymes (but see important exceptions below), while the conformations of the connecting loops are more divergent (Fig. 1) .
A structural motif for association with the mitochondria CPT-II contains a unique insertion of 30 residues in the N domain (residues 176-206, Fig. 1 ), and our structure shows that this segment contains two helices (a6 0 and a6 00 ) linked to a small, anti-parallel b-structure (b1 0 and b2 0 ) (Fig. 2A) . Interestingly, the two helices form a protrusion on the surface of CPT-II, and their exposed face is rather hydrophobic in nature (Fig. 3) . It is likely that this surface patch is important for the association of CPT-II with the inner mitochondrial membrane [3, 4, 6] . Moreover, this surface patch is located near the entrance to the active site tunnel of the enzyme, suggesting that long-chain acylcarnitines that have been transported across the inner membrane could be shuttled directly into the active site of CPT-II (Fig. 3) . In this regard, it might be speculated that this insert could also mediate direct interactions between CPT-II and the carnitine-acylcarnitine translocase (CACT) in the inner membrane of the mitochondria [3, 4] , which could coordinate acylcarnitine transport and its back conversion to acyl-CoA.
The presence of this hydrophobic surface patch may explain how the BAM detergent can disrupt the oligomer of CPT-II and promote its crystallization. This insert also helps to stabilize the longer N-terminal segment of CPT-II ( Figs. 2A-C) , as some of these residues are held in place between the two helices and the small b-sheet of this insert (Fig. 3) . The short a1 helix in the N-terminal segment, observed in the structure of CrAT, is absent in CPT-II, as is the case with CrOT ( Figs. 2A-C) .
A possible binding site for long-chain acyl groups
Our crystallographic analyses revealed three pieces of extended electron density in the CPT-II molecule, which we have interpreted as aliphatic chains of 12 carbons ( Fig. 2A) , very likely from the dodecyl group of the BAM detergent. The possibility that these entities have co-purified from E. coli cells can probably be excluded based on the fact that the purified enzyme is catalytically active. Two of these molecules are located in the active site tunnel (Fig. 4A) , and are expected to block access of the carnitine and CoA substrates to the enzyme ( Figs. 2A  and 4A ). In fact, our kinetic assays showed that the detergent is an inhibitor of CPT-II activity, with 90% inhibition at 1.3 mM concentration (BAM does not form micelles).
Interestingly, the third aliphatic chain is located in another, narrower tunnel that is connected to the active site of the enzyme (Fig. 4B) , suggesting that it could be a mimic of the long-chain acyl group in the substrate of CPT-II. This tunnel does not exist in the structures of CrAT and CrOT (see next section). The molecule is situated between strands b14 (part of N domain) and one face of strands b15, b16, and b10 in the C domain ( Fig. 2A) . The tip of the acyl group in this binding site would be exposed to the solvent (Fig. 4B ). This orientation of the acyl group is almost perpendicular to that observed for the mediumchain acyl group bound to CrOT (Fig. 2C) .
Having the structure of CPT-II in complex with the acyl-CoA or acylcarnitine substrate will confirm whether this aliphatic chain is truly a mimic of the acyl group of the substrate. Unfortunately, repeated attempts at replacing these aliphatic chains with acyl-CoA and acylcarnitine, by soaking and co-crystallization experiments, were not successful.
Conformational differences to CrAT and CrOT
Despite the overall structural homology, there are important conformational differences between CPT-II, CrAT, and CrOT. The binding site for the third aliphatic chain does not exist in CrAT and CrOT, due to conformational differences among the structures (Fig. 5A) . Most importantly, this aliphatic chain has severe clashes with the tip of the b15-b16 hairpin in CrAT, which shows large conformational differences compared to its equivalent in CPT-II (Fig. 5A) . The trigger for this structural difference could be the loop connecting strand b10 and helix a14. It shifts by about 3 Å towards the b15-b16 hairpin in CrAT as compared to CPT-II (Fig. 5A) , pushing the hairpin towards the b14 strand and eliminating the tunnel for the aliphatic chain in CrAT.
Another difference between CPT-II and CrAT is the conformation of the a12 helix (Fig. 5A) . The most pronounced difference is in the position of the N-terminal residues of the helix, near the active site of the enzymes. These residues shift by approximately 3 Å in CPT-II, away from the active site region (Fig. 5A ). This change significantly increases the size of the active site tunnel at the interface between the N and C domains ( Figs. 2A-C) , and the larger tunnel could be important for the binding of the long-chain acyl groups in the substrates of CPT-II.
Finally, the conformation of the side chain of the catalytic His372 residue in CPT-II is different from that of His343 in CrAT (Fig. 5A ). This conformation is probably not optimal for catalysis, and a structural change in His372 may be expected upon substrate binding.
Implications for disease causing mutations
Mutations in CPT-II have been linked to many human diseases [3, 4, 6] . Most of these mutations are located away from the active site of the enzyme [11, 13] , some of which affect the stability rather than the catalytic activity of the enzyme [3, 4, 6] . The most frequently found mutation in CPT-II is S113L, and it is linked to mild disease symptoms. This residue is conserved in CrAT (Fig. 1) , although it does not play an important role in that structure [11] . In the structure of CPT-II, the side chain hydroxyl of Ser113 has a long hydrogen-bond with the guanidinium group of Arg498, which in turn is ion-paired to Asp376 (Fig. 5B) . Asp376 is four residues from the catalytic His372 residue in the primary sequence and is conserved among all carnitine acyltransferases as either Asp or Glu (Fig. 1) . Therefore, the S113L mutation may disturb this hydrogen-bonding and ion-pair network, and thereby indirectly affect the catalytic efficiency of the His372 residue. In contrast, this network does not exist in the structure of CrAT (Fig. 5B) , due to conformational differences between the two structures in this region. The replacement of figure) . Produced with Grasp [25] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) Ala345 in CrAT by the bulkier Trp374 in CPT-II may have helped trigger this change (Fig. 5B) . The main chain of Trp374 shifts by about 1.8 Å to accommodate the much larger Trp side chain. This causes a change in the position of the Arg498 side chain (as well as the shift in the N terminal region of helix a12 as discussed above, Fig. 5A ). As a result, the Arg498 side chain is brought into hydrogen-bonding distance of the Ser113 side chain in CPT-II (Fig. 5B) .
Another commonly found mutation in CPT-II is P50H, and our structural analysis suggests a distinct mechanism for its detrimental effects. The Pro50 residue is conserved, in sequence and structure, among CPT-II, CrAT, and CrOT (Fig. 1) . This residue is 23 Å from the active site, but is located directly below the unique insert in CPT-II (Fig. 3) . It might be possible that the mutation interferes indirectly with the association between CPT-II and the mitochondrial membrane, and disturbs the shuttling of the acylcarnitine substrate from the membrane into the active site of CPT-II.
The structure of CPT-II has very recently been reported by another group [23] . Our structural analyses are generally consistent with their findings. Most importantly, the binding site for the third aliphatic chain in our structure is found to be the long-chain acyl group binding site [23] .
In summary, we have determined the crystal structure of rat carnitine palmitoyltransferase II (CPT-II) at 1.9 Å resolution. The overall structure shares strong similarity to those of short-and medium-chain carnitine acyltransferases. We observed the binding of three aliphatic chains in the structure, two of which are located in the carnitine and CoA binding sites, respectively. The third aliphatic chain may mimic the long-chain acyl group in the substrate of CPT-II. The binding site for this aliphatic chain does not exist in CrAT and CrOT, due to conformational differences among the enzymes. Moreover, the active site tunnel in CPT-II appears to be larger than that in CrAT and CrOT, which may be important for the binding of long-chain acyl groups as well. A unique insert in CPT-II is positioned on the surface of enzyme, with a highly hydrophobic surface. It is likely that this surface patch mediates the association between CPT-II and the inner membrane of the mitochondria.
